The purpose of this study was to verify whether intima-media thickness (IMT) regression is associated with reduced incidence of cardiovascular events.
Carotid intima-media thickness (IMT) increase predicts the risk of cardiovascular events (1), with relatively stronger prognostic power for cerebral as compared with coronary vascular events (2) . In fact, increased IMT is considered to represent a manifestation of subclinical atherosclerosis, and, therefore, it has been included in the list of organ damage conditions in the European hypertension guidelines (3) and in the European prevention guidelines (4) . The lack of invasiveness and repeatability makes IMT measurement an attractive biomarker, potentially useful as a therapeutic target in subjects at increased cardiovascular risk (5) . Therefore, IMT changes (either regression or slowed progression) have been employed as surrogate clinical end points in several randomized clinical studies using lipid-lowering (Online Appendix references 1-21), antihypertensive (Online Appendix references 6,22-28), oral antidiabetic (Online Appendix references 23,29 -31) , and antioxidant drugs (Online Appendix references [32] [33] [34] [35] in subjects at intermediate to high cardiovascular risk.
However, although clinical events were generally reported in these trials, none of them was designed to verify whether changes in IMT are associated with consistent changes in the cardiovascular subjects' risk profile (6) . Yet, this information would be relevant for the interpretation of IMT variations as surrogate clinical end points and use as therapeutic targets for monitoring and optimization of cardiovascular therapies in several categories of subjects at increased cardiovascular risk (5,7). Therefore, the aim of the present study was to assess, using a meta-regression analysis of all available randomized trials, whether reduced progression or regression of IMT is associated with reduced incidence of major cardiovascular events in subjects at intermediate to high cardiovascular risk.
Methods
Search strategy and data extraction. This study was designed according to the QUOROM (Quality of Reporting Meta-analyses) statement (8) . Inclusion criteria for a study to be included were as follows: evaluation of carotid IMT at baseline and at end of follow-up; report of major clinical cardiovascular end points (coronary heart disease events [CHD] including acute coronary syndrome, CHD death, revascularization, angina pectoris; cerebrovascular [CBV] events, including transient ischemic attack and stroke, or all-cause death); comparison of active drug treatments or of an active drug versus placebo, or of different doses of active drugs; and randomized protocol design. Observational studies without longitudinal follow-up and cross-sectional studies were excluded.
The MEDLINE database, the Cochrane database, and the ISI Web of Science were searched for articles published in English and other languages until August 2009. Studies were identified through PubMed searches of the MEDLINE database with the following headings: IMT, carotid atherosclerosis, 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-COA) reductase inhibitor, statin, lipid lowering, fibrate, nicotinic acid, a:cholesterol acyltransferase (ACAT) inhibitor, cholesteryl-ester transfer protein (CETP) inhibitor, diet, life-style, antihypertensive, angiotensin-converting enzyme (ACE) inhibitor, calcium-channel blocker, angiotensinreceptor blocker, antidiabetic agent, insulin, diuretic, betablocker, alpha-antagonist, randomly, random, randomized controlled trials, atherosclerosis. We searched reference lists of the retrieved articles to identify other eligible studies, and information from colleagues was used to identify more recently published articles.
Two reviewers independently selected potentially eligible trials according to fulfillment of inclusion criteria. Selected trials were compared, and any discrepancies were resolved by discussion and consensus. Two reviewers independently read the full text of retained studies and included trials that met the inclusion criteria. Articles finally selected for the review were checked to avoid inclusion of data published in duplicate. Data on baseline characteristics, presence of diabetes mellitus, hypertension, smoking, carotid IMT measurement at baseline and end follow-up, lipid serum level, outcomes as all-cause mortality and CHD and CBV events were abstracted. We also calculated for each trial a composite outcome including CHD and CBV events; a cardiovascular hard event outcome including acute coronary syndrome, cardiac death, and stroke; and a cardiovascular soft event outcome including stable angina, coronary revascularization, heart failure hospitalization, and transient ischemic attack. When a potentially eligible trial was retrieved, but the paper lacked essential information to be included in the analysis (i.e., number of events, detailed information about IMT), the authors were contacted to request further information (Fig. 1) . Both mean and maximum IMT values were considered. Mean IMT was defined as the mean of all measurements on common carotid artery or, when this value was not available, a single measurement on common carotid artery. Maximum IMT was defined as the mean of all maximum measurements, or when this value was not available, the measurement at bulb or the single maximum value.
The quality of the trials was evaluated giving a score for each study using the Detsky method (9) ( Table 1) .
Of 9,722 articles identified by the initial search, 85 were retrieved for more detailed evaluation, and 41 were included in the study (Fig. 1) . Details of included trials and populations are listed in IMT from baseline to end of follow-up and incidence of clinical events. For this analysis, the achieved differences between IMT change (millimeters per year) in the control group and the active treatment group both for mean and maximum IMT (delta mean IMT and delta maximum IMT, respectively) were considered. To explore the influence of potential effect modifiers on the association between IMT changes and outcomes, separate meta-regression analyses were performed also, including the following covariates, each separately: mean age, sex, body mass index, smokers, diabetes, hypertension, total serum cholesterol at baseline, low-density lipoprotein (LDL) at baseline and achieved difference between groups (from baseline to end of followup), systolic and diastolic blood pressure at baseline and achieved difference between groups (from baseline to end of follow-up), IMT mean and maximum at baseline, length of follow-up, Detsky quality score (9), and study publication year. Meta-regression analysis was also performed to test the association between LDL cholesterol reduction and the outcomes. For all meta-regression analyses, a random-effects model was used to take into account the mean of a distribution of effects across studies. In fact, random-effects modeling more appropriately provides wider confidence intervals (CIs) for the regression coefficients than does a fixed-effect analysis, if residual heterogeneity exists (11) . The weight used for each trial was the inverse of the sum of the within-trial variance and the residual between trial variance, in order to correspond to a random-effects analysis. To estimate the additive (between-study) component of variance, tau-2, the restricted maximum likelihood (REML) method was used to take into account the occurrence of residual heterogeneity, not explained by the potential effect modifiers (11) .
Finally, to investigate a potential relationship between mean and maximum IMT modification and LDL serum level change, we performed a linear regression analysis weighted by the size of each study. Outcome meta-analysis. Odds ratios (ORs) of the effect of randomized treatments were calculated using the metan routine (STATA version 10.0, StataCorps) (12) . The OR and CI for each outcome was separately calculated for each trial, with grouped data, in intention-to-treat analyses. The choice to use OR was driven by the retrospective design of the meta-analysis on the basis of published studies that vary in design, subjects' population, treatment regimen, primary outcome measure, and quality (12) (13) (14) . Overall estimates of effect were calculated with a fixed-effects model, random-effects model, or Peto method where appropriate. The assumption of homogeneity between the treatment effects in different trials was tested with the Q and the I-square statistic. If the assumption of homogeneity 
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In this table are shown mean and maximum IMT baseline value and their change during follow-up. Delta mean and maximum IMT correspond to the achieved between-group difference from baseline to end of follow-up. Delta low-density lipoprotein (LDL) corresponds to the achieved between-group difference from baseline to end of follow-up expressed in percent of LDL. See Online Appendix for references and description of study acronyms. HDL ϭ high-density lipoprotein; IMT ϭ intima-media thickness; Max ϭ maximum; NA ϭ not available; other abbreviations as in Table 1 .
was rejected (p Ͻ 0.10), additional analyses were done with a random-effects model and sensitivity analysis (15) . Furthermore, in case events rate were Յ1%, analysis was also performed with the Peto method (16 Delta systolic blood pressure (SBP) and diastolic blood pressure (DBP) correspond to the achieved between-group difference from baseline to end of follow-up, expressed in percent. See Online Appendix for references and description of study acronyms. Abbreviations as in Tables 1 and 2. 2012 , 2010:2006-20 influence of the baseline profile risk, separate metaregression analysis and meta-analysis were performed for primary and secondary prevention trials. To evaluate the specific effect of treatment category, meta-regression analysis and meta-analysis were performed separately for treatment category (lipid lowering, antihypertensive, antidiabetic, antioxidant therapy). To assess the influence of mean and maximum IMT baseline value, we used them as covariates in meta-regression analysis (see Results, Metaregression analysis), and we also made a meta-regression analysis including only trials with a mean or maximum IMT Ն1 mm (17) . Furthermore, progression and regression of mean and maximum IMT were also assessed separately. Then, the influence of several potential effect modifiers on the association between IMT changes and outcomes was also explored (see Results, Meta-regression analysis). Finally, as previously stated, IMT measurements were expressed in millimeters per year; however, we also performed the meta-regression analysis by using the achieved differences between IMT percent change in the control group and the active treatment group both for mean and maximum IMT.
To explore nonlinearity in the associations between each outcome and delta mean and maximum IMT (18) , the splined models (19) were used. This analysis allows a cubic association in each of several subintervals of continuous factor's range, but requiring linearity at the beginning and end of the range and requiring that the pieces join smoothly (19) . Publication bias. To evaluate potential publication bias, a weighted linear regression was used, with the natural log of the OR as the dependent variable and the inverse of the total sample size as the independent variable. This is a modified Macaskill's test, which gives more balanced type I error rates in the tail probability areas in comparison with other publication bias tests (20) .
Results
Characteristics of included trials.
The baseline characteristics of the 41 trials (18,307 participants) included in the meta-analysis are shown in Tables 1, 2 , and 3; 9,313 subjects were assigned to a statin and 8,994 to another drug or to placebo. The duration of follow-up ranged from 0.5 to 5 years, and the mean was 2.4 Ϯ 0.96 years.
Figure 2 Meta-Regression Analysis Between Delta Mean and Maximum IMT, CHD, and CBV Events
Meta-regression analysis between delta mean and maximum (max) intima-media thickness (IMT) for (A, B) coronary heart disease (CHD) events and (C, D) cerebrovascular (CBV) events. The log of odds ratios (ORs) is reported on the y-axis, and the covariate is reported on the x-axis. Bubble size for each study is proportional to the inverse of the variance.
The overall mean age of subjects was 58 Ϯ 5 years, and 43% were women. Meta-regression analysis. When all data from the 41 trials were pooled, there was no significant relationship between delta mean and delta maximum IMT changes from baseline to end of follow-up and CHD, CBV events, composite outcome, and all-cause death (Figs. 2 and 3 , Tables 4 and 5) . Likewise, no relationship was found when only hard cardiovascular events (cardiac death, myocardial infarction, and stroke) were considered (Online Appendix Fig. 1 and Table 1 ).
In addition, lack of relationship was confirmed when pre-specified potential effect modifiers (listed in Methods) were considered in the meta-regression analysis (Table 6 ).
In contrast, meta-regression analysis of lipid-lowering trials demonstrated a significant relationship between LDL lowering and reduction of CHD events (Online Appendix Fig. 2 ) and composite outcome (Online Appendix Fig. 3) , with a trend for CBV events (Online Appendix Fig. 2) , and no statistically significant association for all-cause death (Online Appendix Fig. 3) .
However, no significant relationship between change in mean or maximum IMT and LDL serum modification was found (Online Appendix Figs. 4 and 5) . For further details about these statistical analysis, refer to the legends of the respective figures. Sensitivity analysis. Sensitivity analysis was performed to separately assess the association between IMT changes and outcomes for primary (n ϭ 23) and secondary (n ϭ 18) prevention trials, for lipid lowering (n ϭ 21), antihypertensive (n ϭ 8), antidiabetic (n ϭ 4), and antioxidant therapy (n ϭ 4). Similar to the overall pooled analysis, no significant relationship between IMT changes and outcomes was observed in any of these separate analysis (Tables 4 and 5 ). Analyzing the influence of covariates listed in Methods, the only notable result was that in primary prevention, change in systolic blood pressure significantly influenced the association between maximum IMT changes and CHD risk modification (Exp (b) 1.33, standard error 0.12, 95% CI: 1.08 to 1.65, change in tau ϭ 3.19, p ϭ 0.015).
We also performed a meta-regression analysis considering separately progression and regression of carotid mean and maximum IMT, and also in this case, no significant association between change in IMT and outcomes was observed (Online Appendix Table 2 ). The influence of mean and maximum baseline IMT value was considered, including them as covari- , 2010:2006-20 ate in the analysis (Table 6) , and performing a meta-regression analysis in trials with mean or maximum IMT Ն1 mm. Again, in both cases no significant association was found. The analysis was also performed by using the IMT percent change from baseline; however, the results did not significantly differ (data not shown).
Exploring a potential nonlinearity in the associations between the outcomes and delta mean and maximum IMT through the splined models (19) did not show any significant nonlinear relationship for all outcomes. Outcomes analysis. Pooling all trials included in the metaanalysis, the risk of all-cause death was significantly reduced by active treatments (OR: 0.71, 95% CI: 0.53 to 0.96, comparison p ϭ 0.03, heterogeneity p ϭ 0.91) (Online Appendix Fig. 6) . A trend for risk reduction by active treatments was observed for CHD events (OR: 0.87, 95% CI: 0.74 to 1.03, comparison p ϭ 0.09, heterogeneity p ϭ 0.03) (Online Appendix Fig. 7) , for CBV events (OR: 0.90, 95% CI: 0.77 to 1.05, comparison p ϭ 0.08, heterogeneity p ϭ 0.09) (Online Appendix Fig. 8) , and for the composite outcome of CHD and CBV events (OR: 0.90, 95% CI: 0.77 to 1.05, comparison p ϭ 0.19, heterogeneity p ϭ 0.05) (Online Appendix Fig. 9 ). All trends became significant when the unsuccessful phase III trials using cholesteryl-ester transfer protein and a:cholesterol acyltransferase inhibitors (CAPTIVATE, RADIANCE 1, and RA-DIANCE 2) were excluded (for CHD events, OR: 0.82, 95% CI: 0.69 to 0.96, comparison p ϭ 0.02, heterogeneity p ϭ 0.11; for CBV events, OR: 0.71, 95% CI: 0.51 to 1, comparison p ϭ 0.05, heterogeneity p ϭ 0.31; and for composite events, OR: 0.84, 95% CI: 0.72 to 0.99, comparison p ϭ 0.04, heterogeneity p ϭ 0.19).
For more details about results by treatment category, refer to Online Appendix Figures 6 through 9 . Publication bias. Macaskill's modified test did not show any publication bias for each outcome (20) .
Discussion
The main finding of the study is that carotid IMT changes (regression or progression) do not correlate with changes in (Figs. 2 and 3) . Thus, IMT changes do not accurately predict the benefits of therapies with proven favorable effects on cardiovascular risk profile. This observation held true when the relationship was separately assessed for different categories of active drugs, when it was separately assessed in subjects with and without previous cardiovascular disease, and when several common effect modifiers were introduced in the analytic statistical modeling. Although carotid IMT is currently included among organ damage indicators in major cardiovascular guidelines (3, 4) , and increased IMT impacts on therapeutic strategy in individual subjects (4) , its use as a surrogate end point in clinical trials and interpretation of IMT changes as predictors of clinical benefits remain debated, as also recently reported by the U.S. Preventive Services Task Force (21, 22) . This is at variance with other organ damage indicators such as left ventricular hypertrophy and microalbuminuria, for which association between regression and favorable cardiac and renal outcomes has been demonstrated (23) (24) (25) . However, the findings of the current study do not detract from the value of carotid IMT as a risk population marker or from the value of IMT assessment in individual subjects (2, 18) , in particular for high IMT value to be a proxy elsewhere in the body (26) .
The lack of association between IMT changes and clinical outcomes is surprising, and the biologic explanations for why carotid IMT and clinical outcomes are dissociated can be only hypothesized and likely subject to considerable debate. As a first hypothesis, it is known that the process of IMT increase is a complex phenomenon, not only determined by atherosclerotic risk factors (27) , and the role of IMT as a marker of atherosclerosis has been for this reason debated (2, 28, 29) . Thus, it is conceivable that the multifactorial determinants of IMT may reduce the clinical strength and statistical significance of IMT changes as predictors of cardiovascular outcomes when interventions on more direct atherosclerotic risk factors (e.g., LDL and blood pressure lowering) are used. The second additional and relevant The number of the trials included in the analysis is reported in parentheses. Symbols indicate that value is *too small or †too large to be reported. Abbreviations as in Table 4 .
hypothesis that can explain our findings concerns the assumption that carotid wall injuries are representative of the status of the whole arterial bed in the body, including the coronary tree. Indeed, this has not been proven in the majority of subjects, by pathological post-mortem studies (30 -34) and by clinical studies (35) (36) (37) (38) , indicating clearly that in the majority of patients, carotid lesions, including atherosclerotic plaques, are dissociated from coronary lesions. Finally, as atherosclerotic plaques grow longitudinally along the carotid axis Ͼ2 times faster than they thicken, IMT might be a less sensitive measure of plaque evolution (39) . In fact, it was demonstrated that carotid plaques are a more sensitive and representative measure of the atherosclerotic burden than IMT, with higher predictive value for cardiovascular events (40, 41) . In addition, the lack of a clear relation between change in IMT and LDL, and the fact that IMT association with coronary heart disease is influenced by change in systolic blood pressure, might strengthen the hypothesis that IMT is influenced by mechanisms such as the shear stress and wall reactivity rather than pure atherosclerotic processes. These observations may explain why IMT is a very good population risk marker, whereas its value as a therapeutic target in individual subjects may be limited. Costanzo et al. December 7, 2010 December 7, :2006 Carotid IMT Changes and Cardiovascular Events lack of association between IMT changes and clinical outcomes. Indeed, they should foster adequate intervention prospective studies to assess whether IMT changes may be considered a valid surrogate end point for monitoring of cardiovascular risk profile in individual patients. In addition, as it is inherent to meta-analyses, the uncertain definition and allocation of end points may differ among trials, especially for soft end points. However, confirmation of our findings when only hard cardiovascular end points were considered support our results and limits the potential confounding effect of this limitation (see Online Appendix Fig. 1 and Table 1) .
Furthermore, several of the covariates included were trial level, because of unavailability of access to individual study participant data. However, it has been reported that, when the number of studies and of subjects in studies is not small, meta-regression with aggregated data is reliable and meaningful (42) .
Although the selection of potential effect modifiers was made taking into account general characteristics, baseline risk, IMT results, and quality of the trials, metaregression analysis could only be based on published results of the trials. Thus, complete information about potential effect modifiers were not available for all trials included in the study. In addition, we selected trials that measured carotid IMT and trials that reported clinical events; thus, large outcomes trials not reporting IMT where excluded. Therefore, the relationships between Tables 1 and 2. 2018 , 2010:2006-20 some baseline measures (LDL, and so forth) are less robust than those from larger outcomes trials. Technical aspects concerning the reproducibility of serial within-individual changes and lack of standardization of IMT measurements may also play a role to explain the findings of the present study in which trials using different methodological approaches were pooled. Indeed, carotid IMT measurements are prone to generate variability in follow-up studies, mostly sonographer dependent. However, in controlled clinical trials, measurement variability has been decreasing, owing to technical improvements, standardization, and training (43) . Furthermore, in multicenter trials, images are handled and IMT measurements recorded off line in a core ultrasound laboratory that limits, likely substantially, technical errors in measurements. Yet, to take into account this potential limitation, we performed a sensitivity analysis with the year of trial publication as covariate that did not show a significant influence on results (Table 6 ). In addition, considering the potentially suboptimal standardization of IMT measurement in small studies, we performed a sensitivity analysis excluding studies that did not measure IMT in a central core laboratory, and our results again did not significantly change.
Conclusions
Although IMT increase indicated an increased cardiovascular risk, favorable changes induced by drug therapies do not consistently reflect improved clinical outcome.
